polysaccharide. Glucose uptake and 02 consumption are not inhibited by 0.01 M arsenite or by 0.005 M iodoacetamide.
The distribution of 14C in the polysaccharide glucose was established after feeding of glucose-1-14C, -2-"4C, -6-"4C, ribose-1-"4C, and fructose-6-"4C. Randomization of isotope between the 2 halves of the glucose from polysaccharide is limited when the experiments are carried out in the dark. After an extended incubation glucose-2-14C yields a glucose molecule with isotope labeled approximately equal in C-1, C-2 and C-3.
When the labeled glucoses were fed at a light intensity of compensation point, and in the presence of carbon dioxide, a greater degree of randomization of isotope occurred. The enhanced randomization of isotope is thought to result from an additional supply of triose phosphates as a result of photosynthesis which creates an environment favorable to the reversal of the glycolytic reactions.
To account for the labeling patterns and the resistance of respiration to the inhibitors, it is proposed that the oxidative pentose phosphate cvcle is the major pathway of carbohydrate breakdown in this alga.
Most of the studies of algal carbohydrate metab- olism have been done with the green algae (6) . Based on studies with inhibitors, enzymic assays and '4C distribution in the glucose mioiety of polysaccharide, the Embden-Meyerhof pathway appears to be the principal route of glucose respiration in the Chlorellaceae (6) . However, little is known about the carbohydrate metabolisnm of the blue green algae. The resistance of glucose respiration of Tolypothrix tcnu is to respiratory inhibitors such as arsenite and iodoacetamide was interpreted to mean that a pathway or pathways other than classical glycolysis was of importance to cellular respiration (2) . Examination of the distribution of 14C in the polysaccharide glucose from short-term photosynthesis with both '1 T'his investigation was aided by grants from the National Science Foundation and the United States Air Force through the Air Force Office of Scientific Research of the Air Research and Development Command, under Contract AF49 (638)789. 2 Present address: Johnson Research Foundation, School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, 19104 . These studies were extracted from a dissertation submitted to the Graduate School, Cornell University, in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 3 Present address: Department of Biology, Brandeis University, Waltham, Massachusetts, 02154. Anacystis nidulans and Chlorella pyrenoidosa ( 12) revealed a similar pattern of asymmetry, as described by Gibbs and Kandler (7) .
Blue green algae are usually considered as obligate autotrophs. The ability of T. tenuis to grow heterotrophically with glucose as the main source of carbon (13) makes this organism particularly tuseful in a study dealing with carbohydrate breakdownl in the Cyanophyta. This report is an attempt to evaluate the pathways involved in the metabolismi of sugars deduced from 14C distribution in the polysaccharide. In addition, the effects of light and glycolytic inhibitors on the glucose metabolism are also examined. Ainother characteristic common to both Chlor-cila (17) M1etabolism of 14C-Labeled Sugars in the Dark. Polysaccharide glucose isolated after dark feeding of glucose-14C or ribose-1-14C revealed that the bulk of the isotope remained in the position equivalent to that in the added sugar (table III) . WVhen glucose-1 -l4C was substrate, some isotope nmoved to C-3 of the polysacclharide glucose. WNThen glucose-2-14C was respired, isotope was also founid in C-1 anid C-3 of the polysaccharide glucose. Even wheni the glucose-1-14C, glucose-2-14C and ribose-1-'4C was comiipletely consumed, tracer was not founid to any substantial amounlt in the lower half of the isolated polysaccharide glucose. Contrary to these findings with glucose-I anld -2-]4C, where little randomiiization of isotope occurred, isotope located in C-6 of the fed glucose was detected conisistenitly in C-1 of the polysaccharide glucose. Not shownl, but simiiilar in labelinig The isotope labeling patterns in the polysacchlarid,e glucoses will be considered in relation to the scheme depicted in figure 2 . The 14C of ribose is considered to enter the scheme by way of intermediates of the peintose-P pathway. It has beeni deimionstrated that somiie of the enzymes of the gl\colytic and pentose-P pathways (4, 18) The reactions of the pentose-P cycle (reactioni 7 together with 3.2) are of particular interest because they provide a mechanism for initroduction of 14C into C-1 aind C-2 fronm C-3 and inlto C-I aind C-3 from C-2. Oin eachi turin of the cycle. 3 figure 3 . On the first turn of the cycle 14C is introduced into C-1 and C-3 in a proportion of 2:1 (9). On further turns of the cycle, a hexose unit is formed with isotope essentially equally divided among C-1, 2, and 3. It is noted that randomization of 14C between the 2 halves of the hexose chain is not permissible by way of the pentose-P cycle.
Materials and Methods
The spread of isotope (table III) into C-1 and C-3 of glucose from C-2 of glucose and C-1 of ribose indicated active participation of the pentose-P cvcle reactions (1) . It is interesting to compare the calculated values in the hexoses (fig 3) with the observed values from the feedinig experiments. For feeding of ribose-l-l-C with C-1 taken as 100, the values are C-2 = 38, C-3 = 69, and the calculated values for 3 turns of the cycle are C-1 = 100, C-2 = 50, C-3 = 77. Very convincing evidence of a complete recycling of the pentose-P cycle is the approximately uniform distribution of isotope in C-1, 2, and 3 of polysaccharide glucose after a 140 minute feeding of glucose-2-1*C (Column b). In this extended experiment, essentially all the fed glucose was consumed.
"Further evidence for the participation of part of the reactions of this oxidative pathway is derived from the glucose-1-'4C data. Pentose units derived fronm a 1-labeled hexose through the decarboxylation of 6-P-gluconate are unlabeled. Obviously, another explanation is required to account for the appearance of isotope in C-3 of polysaccharide glucose following consumption of glucose-1-14C. An exchange reactioIn catalyzed by transketolase involving C-1 and C-2 of fructose-6-P-1-14C and xylulose-5-P, an intermiiediate of reaction 7, would place isotope at C-1 of the ketopentose. Resynthesis of a hexose unit yields a labeling pattern similar to t'hat obtained vith ribose-1-14C (table III) .
While the bulk of the isotope was still conserved at C-6 of the polysaccharide glucose (table V) when glucose-6-1'C was substrate, limited randomization to C-1 had occurred. Recycling through the pentose-P pathway results in a relocation of 14C only in the upper half of the hexose. Through this series of reactions, glucose labeled at C-6 would not lose its isotope and would be retained at C-6 of the newly resynthesized hexose. The symmetry of a hexose with respect to isotope labelinig is dependent upon triose-P isomerase (reaction 6) which brings the dihydroxyacetone-P and glyceraldehyde-3-P into equilibrium. The fact that randomization of isotope from C-1 and C-2 of the hexose to their homologous partners, C-6 and C-5 was considerably smaller when compared to the reverse process rules out the importance of a mechanism involving solely the glycolytic reactions as a means of achieving a symmetrically labeled hexose. It would appear that randomization is the result of a mechanism whereby glyceral(lehyde-3-P labeled in the beta carbon and derived from 'C-3,4, and 5 of a pentose-5-l4C unit (reaction 7) is brought into isotopic equilibrium with dihydroxyacetone-P. The reversal of the glycolytic reactions would initroduce isotope into C-1 of polysaccharide glucose. It is clear that by such a series of reactions, the movement of isotope is unidirectional, proceeding only from the lower half of the consumedl hexose to the upper half of the newly synthesize(d hexose.
A relate(d point of discussion is the small but signiificant increase in radioactivity at C-5 of the polysaccharide glucose obtained from the cells fed with glutcose-6-14C. (table III) . A scheme involving the glycolytic pathway an'd the isotope shuttle of the tricarboxylic acid cycle may be considered ( 19) . In this series of reactions, glyceraldehyde-P-3-' *C would be coniverted to acetyl CoA-2-'AC. Movement of the latter comilpounId( through the intermediates of the tricarboxylic acid cycle and the relevant reactions of the glycolytic pathway would result in the formation of glyceraldehyde-3-P-2,3-14C. Isotope could enter C-5 of the hexose unit either through the aldolase system or by -the participation of an exchange reaction catalyzed by transaldolase (16) . The fact that the isotopic content of C-2 of the polysaccharide glucose remains constant during the experiment suggests participation of transaldolase rather than of aldolase.
We interpret the labeling patterns of the polysaccharide glucoses, the inhibitor data, and the C1! C, ratios (see below) as proof that the oxidative pentose-P pathway and not the Embden-Meyerhof pathway plays a dominant role in the respiration of glucose by T. tennis. The inhibitor data can be colisidered as supporting evidence for this view since iocloacetamide and arsenite are knowni to inhibit Dglyceraldehyde-3-P dehydrogeniase and( pyruvic aci(l oxidase, respectively, but do not appear to affect any enzyimie of the oxidative pentose-P cycle (3, 8) .
Pertinent here is our finding that arsenite does not alter the isotope distribution patterns in the polysaccharide glucoses after the feeding of glucose-l-14C, glucose-2-14C and glucose-6-14C under the conditions listed in table I. Enzymic studies (4, 10) have led to a similar conclusioni.
flffect of Lig/it. \V'hen the incubations were caror B) conditions favorable for the reversal of the rie(l out at the compensation poinlt, the bulk of the glvcolvtic pathway includilig ani increase in the triisotol)e in the l)olysacchlaricle glucose was again reose-P isoliierase reaction wvith resl)ect to other reac- for the higher contenit of "C in C-1 anid C-2 as colim-C-i . Tlhe specific activitv of C-4 is uinaffecte(l. 'I'htis C-4 wvould have a higher activity h'l'e inivestigatioin of Kand(ler andl Gibbs (10) with thani C-3 and C-3 would become roughly eqial to C/lorc//a showed that photosynthesis had onlv a smiiall C-2 if the rate of the triose isomerase an(l aldolase effect on the ran(lotiiiatioln of 1C4 between the 2 reactiotis were relativelslow compared to the conilialves of the glucose molecuile followiing assilimilationi version of glucose-6-P' to frtictose-6-P and polvsaco jf specifically labeled glulcoses. In contrast to (C/l-chafridle by way )f the pentose-P pathway. Til agreerella, the effect of light together wvith CO. on this imienit with this notion. ranldomizatioii of isotope from kind of randomizationl of isotope was verv pronounced C-I anld C-2 to their e(Itiivalelits. C-5 and(I C-6. ini in Tolypothrix (table IV, I ). The increase of iso the lower half of the 6-carbon chain is limited wheii topic crossing over may be the result of A) decrease the experiment is carried out in the absence of light. of the pentose-P pathway with a concomitant inKindel and Gibbs (12) reported the following patcrease in the traffic entering the glx colv%tic pathway tern in polvsaccharide glucose formied during photo-svythesis at saturatinlg light inltensity using the bluegreen alga, Anacvstis ,iiduilanzs: C-1 26. C-2 = 21, C-3 = 73, C-4 100, C-5 = 11, C-6 = 19. The labeling patterni observed in the glucose synthesized (luring photosynthesis tenids toward symmlietry when compared to that synthesized in the dark. During photosynthesis the photosynthetic carbon cycle is active and it has been established that this cycle leads to complete randomization of isotope within the hexose molecule (7) . The fact that both light and C02 were necessary to obtain the randomization of isotope wden 14CO2 or a sugar was substrate establishes the impbortant role of the photosynthetic carbon cvcle in explaining our results recorded in tables IV and V. Thus, when glvceraldehv(le-3-P is formed by the reactions of the oxidative pentose-P cycle. it can enter into the chloroplast and be metabolized by the series of reactions comprising the photosynthetic carbon cycle. \Vhile the photosynthetic conditions use(d in this investigation seemed to effect the respiratory mechanism at least with respect to carbon metabolismii. it shouldk be emphasized that dim light and C02 had little influence on the uptake of glucose nor did it resuilt in an increased polysaccharide formation.
We suggest that I effect of photosynthesis t)po01 glucose metabolism in Tolvpothrix is the creation of an additional supply of glycolytic intermediates from the photosynthetic carbon cycle, giving rise to a situation favorable for the formation of hexose from triose through the al(lolase and triose isomerase reactions.
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